The carbon nanotubes (CNTs) are actively applied to the reinforcements for composite materials during last decade. One of the attempts is development of CNT/Carbon composites. Although there are some reports on the enhancement of mechanical properties by addition of CNTs in carbon or carbon fiber, it is far below the expectation. Considering the microstructure of carbon materials such as carbon fiber, the properties of them can be modified and enhanced by control of graphitization and alignment of graphene planes. In this study, enhanced graphitization of carbon has been observed the vicinity of CNTs during the pyrolysis of CNT/Polyaniline composites. As a result, novel types of composite, consisting of treading CNTs and coated graphite, can be fabricated. Highresolution transmission electron microscopy revealed a specific orientation relationship between the graphene layers and the CNTs, with an angle of 110 between the layers and the CNT axis. The possibility of graphene alignment control in the carbon by the addition of CNTs is demonstrated.
INTRODUCTION
The carbon nanotube (CNT) has been proven to be the most efficient strengthening agent for composite materials, reinforcing metals, [1] [2] [3] ceramics, 4 5 and polymers. [6] [7] [8] [9] [10] Although there have been some obstacles to the development of carbon nanotube reinforced composites, mainly difficulties in homogeneous distribution and interfacial control between the CNTs and matrix, several paths have been identified to overcome these obstacles. In addition, due to the characteristic functional properties of CNTs arising from a quasi one-dimensional structure, they have been utilized to develop multi-functional composites. [11] [12] [13] One material reinforced by CNTs of particular interest is carbon or carbon fibers. Several studies on CNT reinforced carbon fibers and the enhancement of mechanical properties have been reported. [14] [15] [16] Generally, CNT reinforced carbon or carbon fibers are fabricated through a chemical vapor infiltration 14 or carbonization and a graphitization * Author to whom correspondence should be addressed.
process of carbon nanotube reinforced polymer fibers, including polyacrylonitrile, pitches and phenol resins, which are generally used in the fabrication of conventional carbon materials. 15 16 An interesting feature of CNT reinforced carbon composites is that both CNTs and carbon, or carbon fiber, consist of graphene layers. In the case of CNTs, the graphene layers are rolled into tube shapes whereas in the case of carbon fiber, they are stacked and aligned. Theoretically, a single graphene layer has exceptional mechanical properties. 18 However, the mechanical properties of carbon fiber, which consists of graphene layers, are substantially inferior to materials having a single graphene layer and are sensitively dependent on the alignment of graphene layers. Although each single-walled carbon nanotubes have similar or superior mechanical properties compared to those of single graphene layers, the differences are not considerable. The mechanical properties of carbon fibers can be enhanced by control of the alignment of their graphene layers through controlled graphitization processes. 18 As such, the effect of carbon nanotube addition on the alignment of the graphene layers in carbon or carbon fibers should be taken account. However, there have been few studies reported on the effect of CNT addition on the carbonization and graphitization process.
In this report, we show that the addition of carbon nanotubes enhances graphitization of the carbon and forms CNT/Graphite composite structures during the pyrolysis of Polyaniline (PANI). In addition, we also suggest the possibility of control over graphene layer alignment in the carbon matrix by the addition of carbon nanotubes. Through alignment control, the mechanical properties of carbon materials approximate those of a single graphene layer. In addition, crystallization of carbon near the carbon nanotubes can provide novel carbon materials.
EXPERIMENTAL DETAILS
The multi-walled carbon nanotubes (Iljin Nanotech, Co. Ltd., fabricated by chemical vapor deposition) are purified by HCl and acid treated by a mixture of HNO 3 and H 2 SO 4 by sonication for 10 hours, followed by cleaning and drying. The acid treated CNTs are dispersed in N ,Ndimethylformamide (DMF, 99.5%, Junsei) by sonication. PANI (emeraldine base Mw. 10,000, Sigma-Aldrich) was dissolved in CNT dispersed DMF. The weight ratio of CNTs and PANI was 1:20. The solvent was evaporated in a vacuum oven and a CNT/PANI composite powder was obtained. The PANI was prepared via the same process for comparison. The CNT/PANI composite powder was heat treated in air at 200 C, followed by heat treatment under vacuum at 300 C. Pyrolysis of the heat treated powders was performed by spark plasma sintering (Dr. Sinter Lab., Sumitomo).
A scanning electron microscope (SEM, Philips XL-30S) and transmission electron microscope (TEM, Tecnai G2 F39 S-Twin) were used for observation of morphologies. Thermal analyses were performed by differential scanning calorimetry (DSC, Setaram Thermal Analyzer Setsys 16/18) and thermogravimetric analysis (TGA, Setaram Thermal Analyzer Setsys 16/18) with a heating rate of 5 C with nitrogen purging. Chemical analyses were performed using an elemental analysis (EA, ThermoQuest Elemental Analyzer EA1110-FISONS) and fourier transform infrared spectroscopy (FT-IR, Bomem, MB154). The crystalline structures were obtained by X-ray diffraction (XRD, Rigaku, D/MAX-IIIC, 3 kW, CuK radiation) with scan speeds of 3 and 0.5 /min.
RESULTS AND DISCUSSION
The precursor for the pyrolysis step was fabricated by dissolving PANI in DMF, where acid treated CNTs are dispersed, followed by evaporation of the DMF in a vacuum oven. The CNTs are relatively homogeneously dispersed within the PANI matrix, as shown in Figure 1(a) . The homogeneity of the dispersed CNTs was maintained after controlled carbonization, as shown in Figure 1(b) . The pyrolysis behavior of the PANI and CNT/PANI composites was characterized by DSC and TGA analyses, as shown in Figure 2 . The dried PANI from the PANI solution in DMF underwent several endothermic reactions, at roughly 100, 350, 450, 650 and 900 C while one exothermic reaction occurred at around 200 C. Major mass reduction was observed near 450 C in the TGA analysis. When the PANI was heat treated at 200 C in an air environment, the exothermic peak in the DSC curves disappeared, while other peaks remained. Subsequent heat treatment at 300 C under vacuum led to the formation of a weak endothermic peak at 350 C, while other peaks were maintained. Regardless of the heat treatment prior to high temperature pyrolysis, major mass reduction occurred at 450 C. It should be noted that the addition of CNTs in PANI shows little difference in the TGA and DSC analyses, implying that the CNTs did not affect the pyrolysis of PANI.
The chemical changes of PANI during heat treatment and pyrolysis were characterized by EA and FT-IR analysis. The amount of each element during the heat treatment and pyrolysis is estimated in Figure 3 , where the weight fraction of each element is measured via the EA and the total amount of the specimen was estimated from a TGA analysis using dried PANI. The reactions before 200 C decreased the total amount of the PANI while maintaining the weight fraction of each element. The heat treatment at 300 C decreases the weight fraction of C, N, and H but increases the weight fraction of other elements, which are assumed to be mainly comprised of O. The subsequent heat treatment until 600 C decreases the total weight of the PANI, maintaining the weight fraction of C, N, and H. The pyrolysis after 600 C decreases the weight fraction of N and H while maintaining the total amount of C. Therefore, the major carbonization process occurs after 600 C. The addition of CNTs to the PANI did not change these behaviors. The FT-IR analysis in Figure 4 provides more details of the chemical changes during the carbonization process of PANI and a CNT/PANI composite. The PANI after drying shows partially oxidized status. The peaks at 1494 and 1595 cm −1 show a mixture of leucoemeraldine and pernigraniline phases of PANI. 18 The heat treatment at 200 C in air induces blunting of the peaks at 1164 and 1290 cm −1 and splitting of the peaks at 1494 and 1595 cm −1 . In addition, a wide band, induced by the hydroxyl groups, is shown. Therefore, the PANI was oxidized by the addition of oxygen via heat treatment in air. The subsequent heat treatment in vacuum induced to the formation of a greater number of split peaks. It is suggested that such split involves the formation of complex chemicals consisting of multiple aromatic rings and perhaps containing N within the chains. However, the Although the addition of CNT shows little effect on the carbonization process of PANI, it affects the graphitization process during pyrolysis at high temperatures. As shown in Figure 5 , crystalline-like forms of carbon are generated around the CNTs after pyrolysis at temperatures higher than 1500 C. Compared to carbonized PANI in Figure 5(d) , crystalline-like forms of carbons can be Fig. 6 . XRD analysis of (a) carbon and (b) CNT/C composites fabricated by pyrolysis of PANI and CNT/PANI composite by spark plasma sintering. generated without the addition of CNTs and they can act as nuclei for further graphitization. However, crystallinelike forms of carbon are rarely formed without the addition of CNTs. By the addition of CNTs, the amount of crystalline-like forms of carbon increases considerably and, at the same time, the surface of these phases becomes smoother. The crystalline-like forms of carbon near the CNTs become larger with increasing pyrolysis temperature, as shown in Figure 5 , without a substantial increase in number. When the CNTs are not homogeneously dispersed, the crystalline-like forms of carbons are mainly formed near the CNTs, while other regions lacking CNTs are free from these crystalline-like carbon forms. An XRD analyses of PANI and CNT/PANI composite according to the pyrolysis temperature show distinct differences, as shown in Figure 6 . When CNTs are not added, the (0001) peak for graphite becomes sharper at higher pyrolysis temperature. However, when the CNTs are added, the (0001) peak for graphite is split into two peaks at temperature higher than 1700 C. The XRD data supports that crystalline-like forms of carbon generated during the pyrolysis is graphite.
The TEM analysis results, shown in Figure 7 , suggest that there is a specific orientation relationship between the graphene layers and the longitudinal direction of CNTs, measured as about 110 . Several TEM observations also showed a similar relationship. It is assumed that a graphene sheet forms on the surface of CNTs with a certain orientation relationship. More analysis and experiment are needed to confirm this hypothesis. When this orientation relationship is established, the addition of carbon nanotubes can align the graphene layer within the carbon materials. It should be emphasized that the CNTs are implanted within crystallized graphite thereby form composite structures CNTs and coated crystallized graphite. In addition, these new carbon composite structures show potential for the fabrication of nanocrystal carbon arrays by the addition of CNTs, possibly opening new application fields such as microscale probes and cathodes. However, the mechanism for the formation of the crystalline phase near the CNT is not clear. One possible mechanism is stress graphitization, that is, the formation of graphite at lower temperature near the carbon fibers during fabrication of carbon/carbon composites. 16 In this case, the stress field generated near the carbon fiber distorts the carbon matrix and enhances the nucleation of graphite near the carbon fibers. Stress graphitization behavior was observed when the carbon nanofibers were distributed in the carbon matrix. 19 However, more results are required to clearly elucidate the mechanism for the formation of these characteristic CNT/C composite structures.
CONCLUSIONS
The addition of CNTs in PANI enhances the graphitization of carbon during the pyrolysis of PANI at temperatures higher than 1500 C, and leads to the formation of CNT/Graphite composite structure. In addition, there is possibility of a specific orientation relationship between graphene layers and CNTs. This can be applied to fabricate high performance carbon materials via the alignment of graphene layers.
